IMPORTANCE Immune checkpoint inhibitor therapy has shown benefit in various cancers, but their potential in endometrial cancer (EC) is unknown.
T he Cancer Genome Atlas project identified 2 groups of endometrioid endometrial cancers (ECs) with high mutation frequency: an ultramutated group (7% of all tumors) that harbored mutations in the exonuclease domain of polymerase e (POLE), and a hypermutated group (28% of tumors) with microsatellite instability (MSI), the majority of which harbored MLH1 promoter methylation. 1 The ultramutated POLE group exhibited an extremely high mutation rate (232 × 10 −6 mutations/Mb) with a unique nucleotide change spectrum of increased C→A transversion frequency, whereas the hypermutated MSI group exhibited mutation rates of 18 × 10 −6 mutations/Mb with variable length of DNA microsatellites due to an underlying deficiency in mismatch DNA repair. [1] [2] [3] Mismatch DNA repair deficiency induces singlebase mismatches that lead to point mutations in coding regions of genes, as well as insertions or deletions that lead to frame-shift mutations.
It has been suggested that hypermutated tumors may harbor more tumor-specific neoantigens and increased amounts of tumor-infiltrating lymphocytes (TILs). [3] [4] [5] [6] [7] Therefore, we assessed whether POLE and MSI ECs harbor more neoantigens and TILs than the comparatively hypomutated microsatellitestable (MSS) ECs.
Methods

Prediction of HLA Type and Neoantigen Load
Inference of HLA type was performed using the POLY-SOLVER (polymorphic loci resolver) tool. 5 For prediction of neoantigen load, the Sage Bionetworks' Synapse resource (https://www.synapse.org and Lawrence et al 8 ) and the Net-MHCpan tool (version 2.4) 9 were used (eMethods in the Supplement).
Tumor Samples
This study included 63 cases (Table) retrieved from the archives of Brigham and Women's Hospital under an institutional review board-approved protocol; a waiver of consent was granted due to the retrospective nature of the study. The POLE-mutated cases were identified by means of Sanger sequencing of 2 mutational hot spots (exons 9 and 13). Microsatellite instability status was determined using mismatch DNA repair immunohistochemical analysis (eTable 1 in the Supplement).
Immunohistochemical Analysis and Evaluation of Tumor-Associated Lymphocytes
Immunohistochemical analysis was performed for CD3, CD4, CD8, CD20, PD-1, and PD-L1 on formalin-fixed paraffinembedded tissue samples using standard protocols (eMethods in the Supplement).
Statistical Analyses
Staining results were compared using the t test (all P values were 2 sided), as well as the Fisher exact test.
Results
Neoantigen Load of POLE, MSI, and MSS ECs
We accessed whole-exome sequencing data from the 17 POLE-mutated, 65 MSI, and 90 MSS ECs included in the Cancer Genome Atlas EC data set. We performed HLA typing using POLYSOLVER, which was recently reported to infer HLA alleles with 97% accuracy and with a 100% rate of homozygous locus inference calls based on a validation set of 253 HapMap samples. Of these EC cases, 43% (74 of 172) were found to be HLA-A2 positive. Taking into account the 8 most frequent class I major histocompatibility complex (MHC) alleles in whites (ie, A*02:01, C*07:01, A*01:01, A*03: 01, C*07:02, C*04:01, B*07:02, C*06:02), 151 of 172 (88%) subjects had at least 1 of these alleles. The neoantigen load for each sample was determined using a pipeline based on the NetMHCpan tool 9 (version 2.4) that predicts MHC class I binding peptides. For each mutation capable of generating a potential neoantigen (missense and readthrough mutations, as well as in-and out-of-frame insertions and deletions in the coding sequence), binding affinities were predicted for all possible mutation-bearing 9-and 10-mer peptides in the immediate vicinity of the somatic change site. The total number of peptides predicted to have at least a weak binding (<500 nM) with any of the sample's inferred HLA alleles was determined to be the neoantigen load. The POLEmutated tumors had an almost 15-fold higher median number of predicted neoepitopes per sample (8342 [range, 628-20 440]) compared with MSI tumors (541 [range, 146-8063]; P < .001) ( Figure 1A) and MSI tumors 7-fold higher compared with MSS tumors (70.5 [range, 7-1877]; P < .001) ( Figure 1A ).
Tumor-Associated Lymphocytes in POLE, MSI, and MSS ECs
Three POLE-mutated (P286R), 28 MSI, and 32 MSS primary ECs from previously untreated patients were evaluated (Table) . The
At a Glance
• Objective was to assess whether hypermutated polymerase e (POLE) and microsatellite-instable (MSI) endometrial cancers (ECs) harbor more neoantigens and tumor-infiltrating lymphocytes (TILs) than the comparatively hypomutated microsatellite-stable ECs. • The POLE-mutated tumors had an almost 15-fold higher median number of predicted neoepitopes per sample compared with MSI tumors (P < .001) and MSI tumors almost 7-fold higher compared with microsatellite-stable (MSS) tumors (P < .001). • The POLE and MSI tumors exhibited a statistically significantly higher number of CD3 + (P = .001) and CD8 + TILs (P < .001) compared with MSS tumors but no difference in CD4 + or CD20 + TILs. • PD-1 was overexpressed in TILs and peritumoral lymphocytes of POLE and MSI tumors. • PD-L1 expression was infrequent in tumor cells but common in intraepithelial immune cells and more frequent in POLE and MSI tumors. 
PD-1 and PD-L1 Expression in POLE, MSI, and MSS ECs
Expression of PD-1 in intraepithelial and peritumoral lymphocytes (presence vs total absence) was significantly more frequent in POLE and MSI compared with MSS ECs (P < .001 in both cases) (Figure 2A) . PD-L1 expression (presence vs total absence) in intraepithelial immune cells was significantly more frequent in POLE and MSI compared with MSS tumors (P = .02) ( Figure 2B ). PD-L1 expression in at least 10% of peritumoral immune cells was also more frequent in POLE and MSI tumors (84% vs 56%, P = .03). However, PD-L1 expression in tumor cells was not different between POLE and MSI and MSS tumors ( Figure 2B) ; PD-L1 expression in tumor cells followed 3 patterns ( Figure 2C ): a nonspecific blush pattern consistent with negative PD-L1 expression (83% of cases), focal membranous positivity (15% of the cases), and extensive membranous positivity (seen in 1 POLE tumor).
Discussion
To our knowledge, we report for the first time that POLE and MSI ECs are associated with significantly increased predicted neoepitopes and numbers of CD3 + and CD8 + TILs compared with MSS tumors. These observations support the hypothesis that hypermutated tumors also harbor higher neoantigen loads and are associated with increased tumor infiltration by cytotoxic T lymphocytes. PD-1 and PD-L1 were also significantly overexpressed in TILs and peritumoral lymphocytes of POLE and MSI compared with MSS ECs. Unlike melanoma, renal cell, and lung cancer, 10 we noted infrequent expression of PD-L1 in tumor cells (with the notable exception of 1 POLE tumor). Instead, PD-L1 expression was noted in intraepithelial immune cells and was significantly more frequent in POLE and MSI tumors. Of note, response to anti-PD-L1 antibody MPDL3280A has been shown to correlate with expression of PD-L1 in tumorinfiltrating immune cells but not in tumor cells. 11 Collectively, our findings suggest that POLE and MSI tumors may be excellent candidates for immunotherapies targeting the PD-1 pathway. Of note, there are no prior studies of immunotherapy performed specifically for patients with EC but there is 1 ongoing clinical trial of the PD-1 antibody nivolumab in all MSI cancers (NCT01876511). We acknowledge that the number of POLE-mutated cases included in our study was small. However, all POLE cases exhibited consistent results with increased number of TILs and PD-1 and PD-L1 overexpression. It is possible that POLEmutated tumors may harbor more CD8 + TILs, which would be consistent with their higher neoantigen load. However, to formally test this hypothesis, a large number of POLE and MSI cases would be required given that both exhibit high numbers of TILs.
Conclusions
Our findings are in keeping with the hypothesis that high mutational loads are associated with high neoantigen loads and an elevated number of TILs, which is counterbalanced by overexpression of immune checkpoints. 3, 12, 13 Besides PD-1 and PD-L1, other immune checkpoints 14 such as CTLA-4, LAG-3, and IDO may also be upregulated in POLE and MSI ECs. 
